Adenine nucleotide translocases (ANTs) transport ADP and ATP through mitochondrial inner membrane, thus playing an essential role for energy metabolism of eukaryotic cells. Mice have three ANT paralogs, Ant1 (Slc25a4), Ant2 (Slc25a5) and Ant4 (Slc25a31), which are expressed in a tissue-dependent manner. While knockout mice have been characterized with Ant1 and Ant4 genes, which resulted in exercise intolerance and male infertility, respectively, the role of the ubiquitously expressed Ant2 gene in animal development has not been fully demonstrated. Here, we generated Ant2 hypomorphic mice by targeted disruption of the gene, in which Ant2 expression is largely depleted. The mice showed apparently normal embryonic development except pale phenotype along with a reduced birth rate. However, postnatal growth was severely retarded with macrocytic anemia, B lymphocytopenia, lactic acidosis and bloated stomach, and died within 4 weeks. Ant2 depletion caused anemia in a cell-autonomous manner by maturation arrest of erythroid precursors with increased reactive oxygen species and premature deaths. B-lymphocyte development was similarly affected by Ant2 depletion, and splenocytes showed a reduction in maximal respiration capacity and cellular ATP levels as well as an increase in cell death accompanying mitochondrial permeability transition pore opening. In contrast, myeloid, megakaryocyte and T-lymphocyte lineages remained apparently intact. Erythroid and B-cell development may be particularly vulnerable to Ant2 depletion-mediated mitochondrial dysfunction and oxidative stress.
Adenine nucleotide translocases (ANTs) facilitate the transport of ADP/ATP across the mitochondrial inner membrane, thus playing an essential role in the supply of mitochondrial ATP to the cytoplasm. 1, 2 In respiratory conditions, ATP generated through oxidative phosphorylation within mitochondria is transported out to the cytosol, while ADP in return is imported through ANTs. 3, 4 ANTs are nuclear-encoded proteins weighing 30-35 kDa and are most abundant protein in the inner mitochondrial membrane. 5 From yeast to mammals, all eukaryotes have multiple ANT paralogs and their redundant or differential functions remain controversial. In higher eukaryotes, ANT paralogs are often expressed in a tissuespecific manner, and considered to be adapted to particular cellular energetic demand. 6 However, kinetics for their ADP/ ATP exchange activity is largely similar between paralogs, or variable depending on the studies. 7 There has been no clear experimental evidence to date that differential ATP transport kinetics among the paralogs are critical for their specific roles in cells or tissues. Besides ATP transport activity, multiple studies indicate ANT paralogs may differ in their intramitochondrial sublocalization, 8 uncoupling activities, 9 binding partners 10 and effects on mitochondrial permeability transition pore (mPTP) opening and subsequent cellular survival and death control. 11 These intriguing subjects, however, have not been confirmed rigorously after the initial reports. Thus, redundant or differential functions of multiple ANT paralogs are still largely controversial to date.
Targeted gene disruption studies in model animals have provided important information as to the roles of individual ANT paralogs for different organ systems. Mice have three Ant paralogs (Ant1, Ant2 and Ant4), the transcription of which depends on tissue types and developmental stages. skeletal muscle and heart, while Ant2 is rather ubiquitously expressed in all the somatic tissues. 12, 13 In contrast, Ant4 is exclusively expressed in meiotic germ cells and repressed in somatic tissues. [15] [16] [17] Non-rodent mammals including humans have an additional paralog Ant3 (Slc25a6), which is as ubiquitously expressed like Ant2. In humans, ANT2 is induced by cell proliferation, while ANT3 is rather constitutively expressed. 18 The roles of Ant1 and Ant4 in mice have been well characterized through gene disruption studies. Ant1 knockout mice were born apparently normal but developed severe exercise intolerance and cardiac hypertrophy in adult stages accompanied with skeletal and cardiac myopathy. 19 Ant4 knockout mice were also born and grew normally without showing any abnormality except male infertility. 16 Spermatogenesis was severely impaired by Ant4 gene disruption, and the mice failed to generate mature spermatozoa. 16, 20 These phenotypes of Ant1 and Ant4 knockout mice are consistent with their conserved gene expression profiles, confirming their indispensable roles in specific tissues.
In contrast to Ant1 and Ant4, the role of the Ant2 isoform in animal development and organ homeostasis has not been fully demonstrated in the literature. Kokoszka et al. 21 generated Ant2 conditional knockout mice and used the mice to generate Ant1 and Ant2 double-knockout liver to characterize the role of ANT in the mPTP. 21 However, to date, the group has not described general phenotypes of Ant2 knockout mice in the scientific literature. To that end, we decided to generate Ant2 knockout mice independently to determine its role in mouse development and organ homeostasis.
Result
Targeted disruption of Ant2 gene. We generated an Ant2 conditional knockout allele as shown in Figure 1a . The knockout construct was transfected into male murine ES cells, and correct homologous recombination was confirmed by Southern blot analysis (Supplementary Figure S1) . Correct excision of the splicing acceptor-IRES-β-galactosidase-neomycin (SIBN) cassette and exons 2 and 3 by Flp-and Cre-recombinase in vitro, respectively, also was confirmed by Southern blot and PCR analysis ( Figure 1b) Figure S2E) . The bloated stomach accompanied a thinner intima and media with epithelial atrophy without any signs of inflammation (Supplementary Figure S3A) . In histological analyses, neonatal heart (P0) demonstrated some abnormalities including biventricular hypertrophy and noncompaction of the dorsal part of the muscular ventricular septum with ventricular septal defect (Supplementary Figure S3B) . In contrast, kidney, spleen, liver and bone showed no overt structural differences (Supplementary Figures S3C and F) . The mice were generally active Expression of Ant1, Ant2 and Ant4 genes in Ant2 hypomorphic mice. As shown in Figure 2a , Ant2 mRNA expression was ubiquitously expressed in all the organs of WT animals as described previously. 13 Ant2 mRNA expression was markedly decreased in all the organs examined from Ant2 SIBN/Y mice. In contrast, Ant1 was particularly highly expressed in the heart and skeletal muscle as described previously 6 ( Figure 2b ). Small but significant compensatory increases in Ant1 expression were seen in some organs of Ant2 SIBN/Y mice including the liver and kidney. Ant4 is known to be repressed in all the somatic organs of WT mice 14 and was undetectable except in the testis of the Ant2 Figure S5) . In contrast to B-cell development, T-cell development was apparently normal in the Ant2 SIBN/Y thymus. The characterized population using CD4 and CD8 markers in the thymus did not show any particular difference in Ant2 SIBN/Y mice (Supplementary Figure S6A ). In addition, there was no increase in ROS or cell death detected in Ant2-depleted thymocytes when compared with WT (Figure 6a and Supplementary Figure S6B) . Increase in catalase was observed only in Ant2-depleted splenocytes but not in thymocytes, which was likely due to compensatory responses to increased ROS (Figure 6b ).
To further investigate the type of cell death in Ant2-depleted splenocytes, we examined cleavage of caspase and poly ADP ribose polymerase (PARP), as well as DNA fragmentation. There were no overt increases in cleaved forms of PARP and caspase-3 in either the spleen or thymus (Figure 6c ), whereas terminal deoxynucleotidyl transferase-mediated dUTP nickend labeling (TUNEL)-positive cells were increased only in the spleen ( Figure 6d ). As Ants have been implicated in the regulation of mPTP, 24 we then evaluated mPTP opening in B and T cells through cobalt-mediated calcein AM elimination. Ant2-depleted splenic B cells showed a marked increase in cell population with reduction of calcein AM staining, indicating the mitochondrial pore opening. Pretreatment of cells with cyclosporin A (CsA) did not significantly decrease calcein AM low population. In contrast, Ant2 depletion did not affect calcein AM staining in thymic T cells (Figure 6e ). These results taken together suggest that Ant2 depletion-mediated B-cell death accompanying mPTP opening is not likely through a typical apoptotic pathway.
To examine why B and T lymphocytes were differentially affected by Ant2 depletion, we investigated whether Ant1 and Ant2 expression levels and/or ratio are different in these cell populations. The mRNA levels and the ratio of Ant1 and Ant2 transcription in isolated B cells and T cells were largely similar (Figure 6f ). Ant1 protein was not detectable in spleen and thymus in WT animals and there was no compensatory increase in Ant2-depleted organs. Ant2 protein expression level was also similar in both the spleen and thymus of WT animals, which were undetectable in Ant2 SIBN/Y organs (Figure 6g ). These data indicate that a higher susceptibility in B lymphocytes to Ant2 depletion is not likely due to a differential expression of Ant1 and Ant2 between B and T cells.
Effects of Ant2 depletion on mitochondrial function. We next explored effects of Ant2 depletion on mitochondrial function. First, serum lactate levels were significantly higher in the Ant2 SIBN/Y mice, which was consistent with a predicted mitochondrial respiratory defect phenotype. In Ant2-depleted splenocytes, basal extracellular acidification rate (ECAR) was increased, indicating upregulated glycolytic metabolism (Figure 7a ). Although basal oxygen consumption rate (OCR) was similar between WT and Ant2 SIBN/Y splenocytes, (Figures 7a and b ). Mitochondrial membrane potential was then measured by tetramethyl rhodamine methyl ester (TMRM) staining. In parallel to mPTP opening shown above, Ant2 depletion increased the hypopolarized B cell population in spleen but has less effect in thymic T cells (Figure 7c ). Consistent with decreases in respiratory capacity, cellular ATP levels were lower in Ant2-depleted splenocytes (Figure 7d ), suggesting that increased glycolysis is not sufficient for compensation. In contrast to the previous report of effects of Ant1 depletion in heart and skeletal muscle, 23 the mitochondrial deoxyribonucleic acid (mtDNA) copy numbers in Ant2 SIBN/Y spleens were rather reduced (Figure 7e) , and we did not see an increase in mitochondrial number either at electron microscopic analysis of the spleen (Figure 7f ). These data indicate there was no obvious compensatory mitochondrial proliferation in the Ant2-depleted spleens. Further, the ratio of cytosolic LC3-I/II was not altered by Ant2 depletion (Figure 7g ), indicating autophagy, another compensatory response to damaged mitochondria, was not increased either.
Effects of Ant2 depletion on hematopoietic stem/progenitor cell function. As increases in ROS were seen in the earliest erythroid and B-lineage precursors investigated, we further explored hematopoietic stem cells and precursors in BM. As shown in Figure 8a SIBN/Y mice demonstrated increased CFU-E (colonyforming unit-erythroid) colonies (Figure 8b ). As the pale phenotype was observed in embryonic stages, we also investigated embryonic hematopoiesis by performing the colony assays using fetal liver (FL) cells from WT and Ant2 SIBN/Y animals. As seen in BM cells, Ant2-depleted FL showed similar numbers in CFU-GM but increased CFU-E (WT versus Ant2 SIBN/Y , CFU-GM 17 ± 4 versus 16 ± 5, n = 4; CFU-E 24 ± 3 versus 36 ± 4, n = 4, Po0.001). These data indicate that despite elevated ROS, Ant2 SIBN/Y mice have intact or rather increased hematopoietic stem/precursor cells including erythroid lineage stem cells. 
Hematopoietic phenotypes were recapitulated after transplantation of Ant2-depleted BM. To test if Ant2

Discussion
Based on the phenotypes seen in the Ant1 and Ant4 knockout mice, and the ubiquitous expression profile of Ant2, we speculated that depletion of Ant2 lead to severe consequence in almost all organ systems, accompanied by decreased bioenergetics and increased oxygen radicals. Indeed, Ant2-depleted mice showed severe postnatal growth retardation with lactic acidosis, consistent with the predicted phenotype due to general mitochondrial dysfunction. However, by closer look, only limited organs and cell types were primarily affected by Ant2 depletion, including cells of the hematopoietic system and GI tract. The present study indicates that Ant2 is largely dispensable in many organs at least during early embryonic development. Even with a complete disruption of the Ant2 gene (Ant2 with no apparent gross anatomical defect except a pale phenotype (Supplementary Figure S7) . There was no clear correlation detected between organ susceptibility and levels of Ant2 expression in WT mice. Unlike in Ant1 knockout mice, the organs highly expressing Ant2 were not necessarily affected by the depletion. As such, the kidney, which expresses the highest level of Ant2, was apparently unaffected within a month after birth. Indeed, blood urea nitrogen and creatinine levels were within normal ranges in the mutant mice at P21 (data not shown), suggesting that Ant2 depletion does not cause immediate renal dysfunction. The liver also appeared intact at the macroscopic and morphological levels, despite this organ showing the highest expression ratio between Ant2 and Ant1, and a BM spleen BM spleen hepatoprotective effect of Ant2 being indicated. 25 Our data were consistent with the previous report, where they showed apparently normal liver development even without both Ant1 and Ant2. 21 These data imply that some organs are very tolerant to Ant2 depletion or even depletion of all mitochondrial ATP transporters described to date. It is however still unanswered whether these organs remain normal long term without Ant2, and if Ant2 may have some essential role in organ homeostasis.
Hematopoietic failure in the mutant mice appears to be one of the primary effects caused by Ant2 depletion. Of interest, erythroid and B-lymphocyte development was particularly impaired with little to no effect on myeloid, megakaryocyte or T-lymphocyte lineages. Although ROS was increased from the earliest common hematopoietic progenitor population we investigated, the phenotype was very limited to specific cell lineages. The hematopoietic failure phenotype caused by Ant2 depletion is not likely a secondary event due to malnutrition, as the anemic phenotype was observed even during embryonic stages when growth was apparently normal. Indeed, similar hematopoietic abnormalities were recapitulated, although to a milder extent, in irradiated mice reconstituted with Ant2-depeleted BM cells. We still do not know the reason why B cells are more susceptible than T cells to Ant2 depletion. Expression levels of compensatory Ant1 or ROS-scavenging enzymes including catalase and superoxide dismutase 2 (SOD2) were not higher in the thymus when compared with those in the spleen. B-lymphocyte development might require more oxidative respiration, while T-cell development may be more dependent on glycolytic energy metabolism. Alternatively, Ant2-interacting proteins such as Sirt4 26 and Btg2 27 could be differentially expressed or regulated in these cell populations. The roles of such proteins in Ant2 depletion-mediated cell death would be interesting subjects to explore.
It has been shown previously that general mitochondrial defects can cause hematopoietic failure in some model animals. 28, 29 Inoue et al. 30 reported that large-scale mtDNA depletion in hematopoietic cells leads to failure in erythropoiesis and resultant macrocytic anemia, indicating that erythrocyte differentiation is susceptible to mitochondrial respiration defects. Further, Chen et al. 31 reported that mtDNA polymerase γ (POLG) mutant mice developed a progressive and ultimately fatal megaloblastic anemia that was associated with both erythrodysplasia and impaired lymphopoiesis, similar to the phenotype of our Ant2-depleted mice. However, POLG mutant mice show a more pancytopenic problem in hematopoiesis, and Tand B lymphocytes are equally affected, in contrast to our Ant2-depleted mice. Mitochondrial quality control is exerted through fusion, fission and ultimately mitophagy to remove severely damaged mitochondria. Atg5 has a critical role in autophagy with proper conjugation of Atg12. 32 Depletion of Atg5 caused increased cell death in pre-B cells followed by developmental defect of B lymphocytes while T lymphocytes underwent full maturation, 33 ,34 a phenotype that is similar to our Ant2 hypomorphic mice. B-cell development and erythroid precursors may be particularly susceptible to accumulation of mitochondrial damages.
Severe postnatal growth retardation and failure to thrive is likely attributed to GI tract abnormalities. The enlarged stomach filled with milk was observed without any downstream anatomical stenosis or obstruction, which indicates a functional obstruction of the upper GI tract exists. This would cause a failure to absorb nutrients during the neonatal period. GI tract problems have been occasionally reported in other patients and animal models with mitochondrial dysfunction. In particular, mitochondrial neurogastrointestinal encephalopathy (MNGIE) is an autosomal recessive disorder caused by mutation in the TYMP gene, which encodes thymidine phosphorylase (TP). TP dysfunction results in a systemic increase of thymidine in plasma and selectively impairs mtDNA replication and repair. 35, 36 Abnormalities of the digestive system are among the most common and severe features of MNGIE patients. The GI dysmotility, in which the muscles and nerves of the digestive system do not move food through the digestive tract efficiently, is a typical condition of the disease. These GI problems lead to extreme weight loss and reduced muscle mass (cachexia). 37, 38 It is conceivable that similar functional defects could be involved in the Ant2 hypomorphic animals, and potential contribution of Ant2 mutations in clinical patients with gastroparesis should be a subject for future investigation.
Here, we report the generation of hypomorphic, conditional and null alleles of the Ant2 gene to delineate the role of ANT2 in development and postnatal life. Studies of spatiotemporal deletions of Ant2 (Ant2 2f ) with various Cre or CreER strains are warranted to further elucidate the role of Ant2 in specific cell types and time during development and postnatal life. Such mutant animals will be also very useful for biochemical analyses to define potential specific functions of ANT paralogs in each organ.
Materials and Methods
Targeted disruption of Ant2 gene in mice. Mice were maintained under standard specific-pathogen-free conditions. An Ant2 conditional knockout vector was constructed using the recombineering system. An 8.8-kb genomic DNA fragment of Ant2 was retrieved from a bacterial artificial chromosome DNA clone (129S7/AB2.2 library) 39 and inserted into pLMJ235 possessing the herpes simplex virus thymidine kinase (HSV-TK) gene as a negative selection marker.
A loxP sequence and an frt-SD/SA-IRES-LacZ-Neo-frt-loxP (SIBN) cassette including a reporter (LacZ) and a positive selection marker (Neo, neomycin-resistant gene) were inserted 131-bp upstream of exon 2 and 189-bp downstream of exon 3, respectively. The linearized targeting vector was electroporated into J1 embryonic stem (ES) cells and the correct ES cell clone was injected into blastocysts by standard methods. Chimeric male mice were mated with C57BL/6 (B6) females to establish the Ant2 SIBN strain on a 129/B6 hybrid background. All animal experiments were conducted after approval by the Institutional Animal Care and Use Committee of Gachon University (Incheon, South Korea) and the University of Florida (Gainesville, FL, USA).
Generation of Ant2
2f/Y and Ant2 1f/Y ES cells. Ant2 2f/Y and Ant2 1f/Y ES cells were generated by transfection of Flp-and Cre-expressing vectors into Ant2 SIBN/Y ES cells, respectively. After the transfection, clones expressing Flp were negatively selected by susceptibility to G418. Clones harboring the Cre vector were selected by resistance to puromycin. Among the selected clones, the genotypes were confirmed as follows.
Genotyping by southern blot analysis and PCR. Genomic DNA isolated from ES cells and mouse tails were digested with EcoRV and NdeI, respectively. Correct homologous recombination between the knockout vector and the endogenous Ant2 locus was confirmed by Southern blot analysis using the external probes (Supplementary Figure S1) , as described previously. 16 Genotyping of the targeted allele was also confirmed by PCR. Primer sequences used were: 5′-ATGGTGCTGCTCAATTCTTAAACA-3′ (F7) and 5′-CTGATGGATAGGAAGAA GGCAATA-3′ (R7) for WT and Ant2 
